DHCR24 Gene Knockout Mice Demonstrate Lethal Dermopathy with Differentiation and Maturation Defects in the Epidermis  by Mirza, Rusella et al.
DHCR24 Gene Knockout Mice Demonstrate Lethal
Dermopathy with Differentiation and Maturation
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Desmosterolosis is an autosomal recessive disorder due to mutations in the 3b-hydroxysterol-D24 reductase
(DHCR24) gene that encodes an enzyme catalyzing the conversion of desmosterol to cholesterol. To date, only
two patients have been reported with severe developmental defects including craniofacial abnormalities and
limb malformations. We employed mice with targeted disruption of DHCR24 to understand the pathophysio-
logy of desmosterolosis. All DHCR24/ mice died within a few hours after birth. Their skin was wrinkleless and
less pliant, leading to restricted movement and inability to suck (empty stomach). DHCR24 gene was expressed
abundantly in the epidermis of control but not of DHCR24/ mice. Accordingly, cholesterol was not detec-
ted whereas desmosterol was abundant in the epidermis of DHCR24/ mice. Skin histology revealed
thickened epidermis with few and smaller keratohyaline granules. Aberrant expression of keratins such as
keratins 6 and 14 suggested hyperproliferative hyperkeratosis with undifferentiated keratinocytes throughout
the epidermis. Altered expression of filaggrin, loricrin, and involcrin were also observed in the epidermis of
DHCR24/. These findings suggested impaired skin barrier function. Indeed, increased trans-epidermal water
loss and permeability of Lucifer yellow were observed in DHCR24/ mice. DHCR24 thus plays crucial role for
skin development and its proper function.
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INTRODUCTION
Cholesterol synthesis is essential for normal development and
maintenance of tissues as it is a structural component of cell
membranes, a major constituent of myelin, precursor of
steroid hormones, bile acid, etc. It regulates the signal
transduction both as a component of caveolae (Razani et al.,
2002) and lipid rafts (Kenworthy, 2002) and as a covalent
modifier of hedgehog family of morphogenes (Beachy et al.,
1997).
Classically, the pathway of cholesterol biosynthesis has
been divided into two parts according to the steps for sterol
synthesis. The presqualene pathway covers from acetyl-CoA
to synthesis of lanosterol (the first sterol). The rate-limiting
enzyme in this pathway is 3-hydroxy-3-methylglutaryl
coenzyme A reductase. The postsqualene pathway encom-
passes the conversion of lanosterol to cholesterol. Enzymatic
defects in postsqualene pathway cause malformation syn-
dromes such as desmosterolosis (Andersson et al., 2002). The
first reported patient with desmosterolosis died shortly
after birth with severe anomalies such as macrocephaly,
craniofacial abnormalities, hypoplastic lungs, and others
(FitzPatrick et al., 1998). We noticed her skin was a little
bit odd, shiny, and less wrinkled in the article. Upon our
inquiry, the author informed us that the baby was hydrotic,
causing the odd-looking of the skin. They have not performed
any histological examination. So it is difficult to conclude
whether the odd-looking skin was because of only hydrotic
baby or because of abnormalities in the epidermis (Dr David
R FitzPatrick, personal communication). She had profound
increase of plasma desmosterol-to-cholesterol ratio. The only
reported living patient with desmosterolosis showed 100-fold
increase in plasma desmosterol (60 mg/ml) but cholesterol
was within normal range and the enzyme activity of DHCR24
gene was 20% of normal (Andersson et al., 2002). In all of the
genetic defects of postsqualene cholesterol synthetic path-
way, there is accumulation of distinct steroid precursors and
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variable extent of reduction of cholesterol depending upon
the severity of enzymatic impairment by mutations. There-
fore, it is difficult to conclude whether the excess of pre-
cursors or decrease in cholesterol level or the altered sterol
ratio are triggering these phenotypes. The mouse model of
Smith–Lemli–Opitz syndrome (SLOS) (DHCR7, 3b-hydroxy-
steroid 7D-reductase gene KO) revealed that all homozygous
died on the first postnatal day from respiratory failure or
inability to feed (Fitzky et al., 2000). It was also reported
that cholesterol deficit but not the accumulation of sterol
precursors was the cause of teratogenecity in the drug
(AY9944)-induced mouse model of SLOS (Gaoua et al.,
2000).
Although Wechsler et al. (2003) reported that DHCR24/
mice were viable up to adulthood without gross abnormality
and cholesterol was not obligatory for viability, DHCR24/
mice die within early postnatal days in our facility. Their skin
is wrinkleless, movement is restricted, and stomach is always
empty. Histological examination of skin revealed features of
lethal restrictive dermopathy. This is the first demonstration
that DHCR24 expression is essential for normal skin deve-
lopment.
RESULTS
Phenotype and genotype of DHCR24/ mice
We noticed that some pups born to heterozygous mice
(DHCR24þ /) died within few hours after birth. Genotyping
of the dead pups revealed that they were homozygous
DHCR24/ (Figure 1, top panel). With careful exami-
nation just after birth, we observed wrinkleless, taut skin of
DHCR24/ (Figure 1a and b). They were smaller than
DHCR24þ /þ as reported (Wechsler et al., 2003). Their
movement was restricted and they did not suckle. These
observations made it possible to identify DHCR24/ mice
on sight just after birth. Because Wechsler et al. (2003)
described that DHCR24/ mice survived to adulthood
when they were kept isolated from their larger littermates, we
also isolated the DHCR24/ mice. In contrast to their
observations, DHCR24/ mice died within few hours after
birth in our facility. Hematoxylin/eosin (HE) staining revealed
that the epidermis of DHCR24/ mice was significantly
thicker than that of the control mice (more than double) and
notably wrinkleless. In contrast to control mice, the stratum
basale consisted of multilayered cells in DHCR24/ mice.
The stratum spinosum was thicker than control (Figure 1c and
d). In the stratum granulosum, abundant keratohyaline
granules were present in control mice (arrows in Figure 1c),
whereas they were absent in DHCR24/ mice (Figure 1d).
Expression of DHCR24 gene and sterol contents in the
epidermis
We first examined the expression of the DHCR24 gene in the
skin by in situ hybridization (ISH). As shown in Figure 2a, the
gene in control mice was abundantly expressed throughout
the epidermis except for the stratum corneum and in hair
follicles (arrows in Figure 2a). The expression in the dermis
was apparent but to a lesser extent. As expected, no
expression of DHCR24 gene was observed in DHCR24/
mice (Figure 2b). To ascertain the specificity of hybridization,
sense probe for DHCR24 mRNA was used. There was no
positive staining in the skin of both control and DHCR24/
mice with sense probe (data not shown).
As shown in the lower panel of Figure 2, cholesterol
contents in the epidermis of control and heterozygous
mice were similar but desmosterol, was less than the limit
of detection. In DHCR24/ mice, cholesterol was not
detectable whereas desmosterol was similar to the level of
cholesterol in control and heterozygous mice.
Electron microscopic findings
Electron microscopy confirmed the light microscopic find-
ings. In normal skin development, keratin filaments start to be
synthesized in the stratum basale, and continue up to the
stratum granulosum (Fuchs, 1994) and keratin is the major
component of the fully differentiated cells in the stratum
corneum. In normal mice, cells in the stratum basale
contain abundant free ribosomes and scattered intermediated
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Figure 1. Genotyping, phenotype, and HE staining of the skin in control and
DHCR24/ mice. (a, b) Genotype: uppermost panel, phenotype just after
birth. (c, d) HE staining of the epidermis. (b) Wrinkleless and taut skin and
(d) thick epidermis without keratohyaline granules were noted in DHCR24/
mice. (c, d) Bars¼ 25mm.
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filaments named tonofilaments. At the next stage of kerati-
nization, the tonofilaments increase in number and aggregate
into bundles. In accordance with these observations, cells in
the stratum spinosum contained a large number of bundles of
tonofilaments in control mice (Figure 3a, arrows). In contrast,
bundles of the filaments were much less in the stratum
spinosum of DHCR24/ mice (Figure 3b). Keratohyaline
granules are distinctive features of cells in the stratum
granulosum. They contain intermediate filament-associated
proteins such as filaggrin, important for aggregation of keratin
filaments (Presland and Dale, 2000). Keratohyaline granule
was not observed in DHCR24/ mice (Figure 3d), indicat-
ing impaired keratinization. The impaired keratinization in
DHCR24/ mice was also noted in the stratum corneum. In
control mice, the cells in the stratum corneum were filled
with keratin filaments that were tightly packed and well
organized into the dense matrix (Figure 3e). In contrast,
reduced and poor organization of keratin filaments was
observed in the cells of the stratum corneum of DHCR24/
mice (Figure 3f). Of note, remnants of cytoplasmic organella
were occasionally observed in the stratum corneum of
DHCR24/ mice (Figure 3f, arrows), indicating the
premature cell death in the stratum corneum. Taken together,
it is suggested that development of the epidermis, especially
keratinization, is impaired in DHCR24/ mice.
Immunohistochemical findings: keratins
To confirm aberrant differentiation of keratinocytes in
DHCR24/ mice, immuno-histochemistry with antibodies
against keratin 14, keratin 6, keratin 10 was performed.
Keratin 14 is expressed in immature cells of the stratum
basale (Moll et al., 1982) and in the outer root sheath of hair
follicle (Stark et al., 1987). However, it was expressed
throughout the thickened epidermis of DHCR24/ mice,
indicating hyperproliferation of immature keratinocytes
(Figure 4b). As shown in Figure 4a, keratin 14 was expressed
in the cells comprising hair follicle of control mice but its
expression was greatly reduced in DHCR24/ mice.
Keratin 6 is expressed in hyperproliferating keratinocytes
and not in normal keratinocytes (Sun et al., 1983). As shown
in Figure 4c, no expression of keratin 6 was observed in the
epidermis of control mice, whereas it was strongly expressed
throughout the epidermis of DHCR24/ mice (Figure 4d).
Keratin 10, a mature keratin was expressed in all the
suprabasal cell layers of control mice (Figure 4e), but it was
expressed only in the upper most layers escaping some
suprabasal layers of DHCR24/ mice (Figure 4f). Presence
of immature keratins in the suprabasal layers suggested
aberrant keratinocyte differentiation and maturation program
in DHCR24/ mice.
Immunohistochemical findings: major keratinocyte proteins
To further confirm the defective development of the epi-
dermis, expression of three major components of keratinocyte
proteins, loricrin, involucrin, and filaggrin (Candi et al.,
2005) was examined (Figure 4). Loricrin makes up about
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Figure 2. Expression of DHCR24 gene and determination of sterols in
the epidermis. (a, b) In situ hybridization. Contents of cholesterol and
desmosterol in the epidermis: Lower panel. DHCR24 gene is abundantly
expressed throughout the epidermis and hair follicle of control mice whereas
it is absent in DHCR24/ mice. (a, b) Bars¼20 mm. In accordance with the
absence of DHCR24 mRNA, cholesterol was less than limit of detection
whereas desmosterol was higher in DHCR24/ mice.
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Figure 3. Ultrastructure of the epidermis of control and DHCR24/ mice.
(a, b) Stratum spinosum, (c, d) stratum granulosum, (e, f) stratum corneum.
Bars: (a–d)¼ 1mm; (e, f)¼200 nm. Abundant tonofilaments were seen in the
stratum spinosum of (a) control mice, whereas they were much less in
(b) DHCR24/ mice. (d) Impaired keratinization in DHCR24/ mice
was demonstrated by absence of keratohyaline granules. (f) Remnants of
cytoplasmic organella were occasionally observed in the stratum corneum
of DHCR24/ mice.
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80% of protein component of the epidermal barrier. It was
concentrated strongly in the stratum granulosum of control
mice (Figure 4g) but the protein amount seemed to
be less in the stratum granulosum of DHCR24/ mice
(Figure 4h). Involucrin is another protein component of the
epidermal barrier. It was also concentrated in the stratum
granulosum of control (Figure 4i) but it was expressed
throughout the epidermis in the DHCR24/ mice (Figure
4j). Keratohyaline granules contain profilaggrin, the precursor
of the interfilamentous protein consisting of filaggrin repeats
and other domains. During terminal epidermal differentia-
tion, profilaggrin is proteolytically processed to generate
filaggrins (Zhang et al., 2002). Filaggrins then aggregate with
the keratin filaments into tight bundles in the stratum
corneum (Candi et al., 2005). In accordance with the
presence of keratohyaline granules as demonstrated by HE
staining and electron microscope, filaggrin is abundantly
expressed in the stratum granulosum and in the stratum
corneum of control mice (Figure 4k). However, its expression
was minimal in DHCR24/ mice (Figure 4l).
Immunohistochemical findings: proliferation and apoptosis
During development of the epidermis, keratinocytes prolifer-
ate and undergo apoptosis (Tamada et al., 1994). The process
was assessed by immunohistochemical staining with anti-
proliferative cell nuclear antigen (PCNA) antibody and
terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate-biotin nick-end labeling staining (Figure 5).
PCNA is an auxiliary protein of DNA polymerase that is
specifically expressed in cells during the S phase and used
as a marker for cellular proliferation (Kelman, 1997). As
keratinocytes proliferate from the stratum basale, PCNA-
positive cells were observed only in the stratum basale of
control mice (Figure 5a). On the other hand, many PCNA-
positive cells were present not only in the stratum basale but
also in the stratum spinosum, indicating hyperproliferation of
abnormally differentiated keratinocytes in DHCR24/ mice
(Figure 5b).
When keratinocytes undergo differentiation from the
stratum basale to the stratum corneum, programmed cell
death, apoptosis, is induced in the stratum granulosum
(Tamada et al., 1994). As shown in Figure 5c, terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate-biotin nick-end labeling-positive cells were observed
as a single layer only in the stratum granulosum of control mice
(arrows). However, many apoptotic cells were present not only
in the stratum granulosum but also in the stratum spinosum of
DHCR24/ mice (arrows in Figure 5d). These results indicate
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Figure 4. Immunohistochemistry with antibodies against different keratins
and cell envelope proteins. (a, b) Keratin 14, (c, d) keratin 6, (e, f) keratin 10,
(g, h) loricrin, (i, j) involucrin, (k, l) filaggrin. Bars: (a–j)¼ 50 mm; (k, l)¼ 20 mm.
Green: FITC-immunofluorescence; red: nuclear staining with propidium
iodide. (b, d) Keratins 6 and 14 were strongly expressed in the thickened
epidermis of DHCR24/ mice. (g–l) Loricrin, involcurin, and filaggrin were
concentrated in the stratum granulosum of control mice, whereas they were
less concentrated in DHCR24/ mice.
Control DHCR24–/–
Ap
op
to
sis
PC
NA
a b
c d
Figure 5. Immunohistochemistry with anti-PCNA antibody and terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin
nick-end labeling staining. (a, b) Immunohistochemistry with anti-PCNA,
(c, d) terminal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate-biotin nick-end labeling staining. Bars: (a, b)¼ 20mm; (c, d)¼ 25mm.
Proliferation and apoptosis of abnormally differentiated keratinocytes were
observed in the epidermis of DHCR24/ mice.
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that undifferentiated keratinocytes proliferate and undergo
apoptosis prematurely in DHCR24/ mice.
Skin permeability assay and trans-epidermal water loss
The histological examinations demonstrated aberrant keratino-
cyte proliferation and differentiation in DHCR24/ mice.
Because maturation of the stratum corneum is programmed by
ordered synthesis of different keratins and proteins in each
stratum and important to develop skin barrier function,
aberrant keratinocyte differentiation in DHCR24/ mice is
likely associated with skin barrier defect. To examine this
hypothesis, we performed skin permeability assay with
Lucifer yellow. The dye could not pass through the stratum
corneum in control mice (Figure 6a). However, the dye
penetrated through the epidermis in DHCR24/ mice,
demonstrating the defective skin barrier function (Figure 6b).
Trans-epidermal water loss (TEWL) was markedly increased
in DHCR24/ mice as shown in the lower panel of
Figure 6.
Determination of ceramides and free fatty acids in the
epidermis
It is well known that lipid constituents such as free fatty acids
(FFAs) and ceramides play important role for epidermal
barrier function together with cholesterol (Coderch et al.,
2003). We thus determined the levels of FFAs and ceramides.
As summarized in Table 1, the levels of total FFAs and total
ceramides were not significantly different between control
and DHCR24/ mice. However, significant difference was
observed in subfractions of ceramides. A decrease in the
fraction of ceramide 2 and increases in ceramide 3 and 5
were observed in DHCR24/ mice.
Immunohistochemical findings: caveolin-1
Caveolins are cholesterol-binding scaffolding proteins that
facilitate the assembly of cholesterol- and sphingolipid-
enriched membrane domains known as caveolae (Razani
et al., 2002). Several studies demonstrating differentiation-
dependent expression of caveolin-1 (Sando et al., 2003) and
its upregulation by cholesterol (Bist et al., 1997) prompted us
to examine its expression in the epidermis. Because Sando
et al. (2003) reported that staining pattern of caveolin-1 in
the epidermis was altered by the use of different antibodies
raised against different caveolin-1 peptides, we used anti-
N-terminal peptide (1–20) which was well characterized by
them.
In control mice, expression of caveolin-1 was restricted on
the plasma membrane in the stratum basale (Figure 7a). The
level of expression seemed to decrease in the stratum
spinosum. On the other hand, strong expression, not only
on the plasma membrane but also in the cytoplasm with
Table 1. Determination of FFAs and ceramides in the epidermis
FFAs (lEq/mg of total lipid) Total ceramide (arbitrary units/mg of total lipid)
Total amount of FFA and ceramides1
Control 0.20970.044 34.56719.83
DHCR24/ 0.20070.025 33.02714.47
Percentage of ceramide fractions2
C1 C2* C3* C4 C5* C6 C7
Control 25.8671.60 25.6871.02 10.9470.89 12.9070.20 12.8870.83 6.6370.91 5.1370.40
DHCR24/ 23.5673.28 20.2773.28 14.8570.76 12.4071.45 15.8670.59 7.2370.64 5.5770.64
1Data were expressed as mean7standard deviation. FFAs were determined after reconstitution in delipidated serum. Ceramides were fractionated on thin
layer chromatography. The thin layer chromatography images were analyzed by LAS-1000 plus (Fuji Photo Film Co. Ltd, Tokyo, Japan) using a software,
Multi Gauge Version 3.0. Total ceramides were sum of the density of each ceramide fraction. At least four mice were used for each determination.
2Ceramide fractions (C1–C7) were numerically named according to Ponec et al. (1997). Data were expressed as mean7standard deviation. Asteriks denote
the significant difference between control and DHCR24/ mice. P-values were less than 0.001.
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Figure 6. Skin permeability assay with Lucifer yellow and TEWL.
(a, b) Permeability of fluorescent dye. Bars¼ 50mm. TEWL (lower panel) was
approximately 4.5 times more in DHCR24/ than in control mice. Number
of mice used was eight for control and seven for DHCR24/.
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absence of immunoreactivity in nuclei, was observed in the
stratum granulosum. These findings are in compatible with
the observation in the human epidermis reported by Sando
et al. (2003). In DHCR24/ (Figure 7b), caveolin-1 was
expressed on the plasma membrane in the stratum basale and
in the stratum spinosum with a similar extent observed in the
cells of the stratum basale in control mice. The expression
was also observed in the stratum granulosum in DHCR24/
mice. However, nuclei were not well defined when comp-
ared with the control. Expression of caveolin-1 on the plasma
membrane is consistent with the immature keratinocytes in
the stratum basale of control and the cells in stratum basale
and the stratum spinosum in DHCR24/ mice. Strong
expression of caveolin-1 in the stratum granulosum of
DHCR24/ mice and not well-defined nuclei are compa-
tible with the observation of premature cell death by electron
microscopy.
DISCUSSION
Animals
This is the first demonstration that desmosterolosis created by
targeted disruption of DHCR24 is associated with lethal
restrictive dermopathy in mice. Generation of DHCR24/
mice was first reported by Wechsler et al. (2003). They
demonstrated that the DHCR24/ mice could survive up to
adulthood when they were kept isolated from their larger
littermates. Pathological analysis of DHCR24/ at the age
of 3 months revealed that all organs were normal in structure
except for testes with degeneration similar to the adult mice
treated with a chemical inhibitor of DHCR24 (Singh and
Chakravarty, 2003). In contrast to their observation, in our
laboratory all the DHCR24/ mice died within the first
postnatal day. It is noteworthy that targeted disruption of
DHCR24 gene resulted in 32–52% of prenatal death of
homozygous mice (Wechsler et al., 2003). One possible ex-
planation for the different phenotypes reported by Wechsler
et al. (2003) and our present study may be the differences in
the genetic background. Jolley et al. (1999) demonstrated that
cholesterol absorption in C57BL/6 strain is one-half of that in
129/Sv strain. DHCR24þ / mice on the mixed genetic
background C57Bl6/J129/b were in-bred by Quark Biotech
Inc. (Fremont, CA) whereas they were crossed to C57Bl6/J in
our institution more than five generations.
Animal model of desmosterolosis was first reported in the
1960s (Roux and Dupuis, 1966). Administration of triparanol,
an inhibitor of DHCR24 into pregnant rats or mice, caused
accumulation of desmosterol, zymosterol, hypocholestero-
lemia and was highly teratogenic (Roux et al., 2000). How-
ever, we did not observe congenital malformations in
DHCR24/ mice. The discrepancy between triparanol-
treated mice and DHCR24/ mice could be due to
transplacental passage of cholesterol to the fetus. Admini-
stration of triparanol to pregnant dams on gestational day 10
resulted in a marked decrease of serum cholesterol and an
increase in desmosterol and zymosterol from gestational day
14 to day 18 (Chevy et al., 2002). Accordingly, the fetuses
from triparanol-treated dams had increased desmosterol and
zymosterol levels with very low cholesterol on gestational
day 18. On the other hand, the decrease of cholesterol seems
to be moderate in DHCR24/ embryo whereas the increase
in desmosterol seems to be equivalent in triparanol-treated
and DHCR24/ mice (Chevy et al., 2002; Wechsler et al.,
2003). These results indicate that profound diminution in
transplacental cholesterol supply during embryogenesis
could result in the malformation syndrome.
Cholesterol synthesis in the skin
Although the epidermis was reported to be the site of sterol
biosynthesis (Brooks et al., 1966), the precise location has not
been reported. Experiments with ISH revealed that DHCR24
is strongly expressed throughout the epidermis and in the
hair follicles with lesser expression in the dermis. Epidermal
sterologenesis appears to be autonomous from circulating
lipids as plasma sterol levels do not influence cutaneous
sterologenesis (Andersen and Dietschy, 1977) and keratino-
cytes possess no receptor for LDL (Ponec et al., 1983). These
findings are in compatible with our finding that cholesterol
was not detected in the epidermis of DHCR24/ mice.
Defective keratinocyte differentiation and epidermal barrier
function in DHCR24/ mice
Ordered differentiation, proliferation, and apoptosis during
the development of the epidermis is absolutely required for
the formation of epidermal barrier function (Presland and
Dale, 2000).
In the epidermis of DHCR24/ mice, all the histo-
logical studies employing HE staining, electron microscopy,
immunohistochemistry revealed the presence of hyperproli-
ferative immature keratinocytes. It was reported that cuta-
neous sterol synthesis is regulated by epidermal barrier
requirement, whereas circulating sterol do not play a role
(Grubauer et al., 1987). We thus speculate that defective
epidermal barrier in DHCR24/ mice could result in
compensatory hyperproliferation of immature keratinocytes.
On the other hand, many apoptotic cells present not only in
the stratum granulosum but also in the stratum spinosum of
DHCR24/ mice was demonstrated. This finding was
supported by Gniadecki et al. that they demonstrated
depletion of cholesterol by methyl-b-cyclodextrin and
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Figure 7. Immunohistochemistry with anti-caveolin 1. Caveolin 1 expression
in (a) control and (b) DHCR24/ mice. Bars¼10 mm. Red dotted line
indicates border between the epidermis and dermis (basal lamina).
SC: stratum corneum, SG: stratum granulosum, SS: stratum spinosum,
SB: stratum basale.
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mevastatin results in ligand-independent activation of Fas and
apoptosis in keratinocyte cell line HaCaT (Gniadecki, 2004;
Bang et al., 2005). Impaired differentiation program was also
demonstrated by the findings such as lack of keratohyaline
granules, filaggrin together with aberrant expression of barrier
proteins (involucrin, loricrin) and keratins (6, 10, and 14). It
was noted that immature keratins such as keratins 6 and 14
were not replaced by mature keratins. Epidermal proteins
such as loricrin and filaggrin were less expressed and early
expression of involucrin was observed in DHCR24/ mice.
It was noted that cholesterol depletion upregulates involucrin
expression in human epidermal keratinocytes in primary
culture (Jans et al., 2004). These findings strongly suggested
defective epidermal barrier function. Indeed, skin perme-
ability assay with Lucifer yellow demonstrated the barrier
defect in DHCR24/ mice. TEWL was approximately 4.5-
fold more in DHCR24/ mice than that in control.
Caveolin-1 and defective differentiation of keratinocytes
Sando et al. (2003) studied the expression and localization of
caveolins in human keratinocytes, demonstrating that caveo-
lin-1 is enriched in lamellar granules and its expression is
regulated by differentiation-dependent manner. This findings
together with others (Bist et al., 1997) that cholesterol
increases expression of caveolin-1 at a transcriptional
level suggested its expression could be reduced in the
DHCR24/ mice. However, the expression of caveolin-1
was observed throughout the epidermis of DHCR24/ mice
whereas it was expressed in the stratum granulosum and in
the stratum basale of control mice. The findings suggest that
factor(s) other than cholesterol could maintain caveolin-1
synthesis in DHCR24/ mice. The expression throughout
the epidermis in DHCR24/ mice is compatible with
immature keratinocytes in the stratum spinosum.
Caveolin-1 has been shown to interact and inactivate a
number of signaling molecule involved in survival/prolifera-
tion such as EGFR and phophatidyl inositol-3-kinase (Couet
et al., 1997; Zundel et al., 2000). It is suggested that abundant
expression of caveolin-1 in the stratum granulosum in both
control and DHCR24/ mice predisposes the cells in the
stratum to apoptotic cell death (Liu et al., 2001).
Other possible pathways leading to abnormal phenotype in
DHCR24/ mice
Epidermal lipids provide cohesion between the constituents
of the outermost skin layers and play important role for the
epidermal barrier function. It is thus studied whether absence
of cholesterol in DHCR24/ mice affects the contents of
FFAs and ceramides, which are two major lipid constituents
other than cholesterol (Coderch et al., 2003). As shown in
Table 1, the levels of total FFAs and total ceramides were
not significantly different between control and DHCR24/
mice. However, significant difference was observed in
sub-fractions of ceramides. A decrease in ceramide 2 and
increases in ceramide 3 and 5 were observed in DHCR24/
mice. Altered expression pattern of these ceramides could
contribute the impaired epidermal barrier function (Coderch
et al., 2003).
Recently, Wu et al. (2004) demonstrated that DHCR24
binds with p53 following oncogenic and oxidative stress and
displaces E3 ubiquitin ligase Mdm2 from p53, thus resulting
in p53 accumulation. Furthermore, DHCR24 associates
with Mdm2 independently of p53. It should be noted that
association of DHCR24 with either p53 or with Mdm2 is
independent of DHCR24 activity. It is thus possible that
disordered p53 turnover in the absence of DHCR24 might be
contributing to hyperproliferation of immature keratinocytes.
Hedgehog (Hh) proteins modulate growth, patterning,
and morphogenesis during embryonic development (Mann
and Beachy, 2004). Hh proteins need to be covalently
modified with cholesterol for its proper signaling. Although
it was demonstrated that desmosterol could substitute
cholesterol for the modification, desmosterol-modified
Sonic Hh have been shown to be inactive in vitro using a
neural explant system (Cooper et al., 1998). The development
of hair follicle is under control of Sonic Hh. We observed
reduced number of hair follicle and less expression of
keratin 14 in the hair follicles of DHCR24/ mice. This
could be due to biological inactivity of Sonic Hh in
DHCR24/ mice because targeted disruption of Sonic
Hh gene results in similar phenotype as reported by Chiang
et al. (1999).
Conclusion
DHCR24 as an enzyme converting desmosterol to cholesterol
or as a molecule associating with p53 and Mdm2 plays
important role in keratinocyte differentiation and develop-
ment of the epidermal barrier function.
MATERIALS AND METHODS
Animals
All mice were treated in accordance with the principles and
procedures outlined by the Committee for Animal Experiments of
Nagoya University School of Medicine and Research Institute of
Environmental Medicine. DHCR24þ / C57Bl6/J mice on the mixed
genetic background of C57Bl6/J 129/b were generated by Lexicon
Genetics (The Woodlands, TX) as a service to Quark Biotech Inc.
(Fremont, CA) and were obtained by us from Quark Biotech Inc. in
the framework of their collaborative agreement with Mitsubishi
Pharma Co. (Yokohama, Japan). The DHCR24þ / mice were
crossed with the C57Bl6/J strain more than five generations.
Inheritance with recessive trait following the Mendelian law was
demonstrated. Animals were fed with a commercial rodent diet
(Oriental Yeast Co. Ltd, Tokyo, Japan) and were given water ad
libitum. They were housed in a specific pathogen-free room with
temperature of 20–241C and relative humidity of 50–55%, with a
12-hour light/12-hour dark cycle and 15–20 air changes/hour.
Genotyping
DNA samples extracted from tails were subjected to genotyping as
described by Wechsler et al. (2003).
Extraction of total lipid from the epidermis
Whole skin was removed from newborn mice and washed with
ice-cold phosphate-buffered saline. After trimming the skin, the
epidermis was separated from the dermis by incubating the skin in
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Dispase solution at 41C overnight (Holleran et al., 1993). The
epidermal sheets were frozen on dry ice and lyophilized. Total lipid
was extracted according the method described by Bligh and Dyer
(1959). After drying under nitrogen gas, weight of total lipid
was measured and used for the determination of cholesterol,
desmosterol, ceramides, and FFAs.
Determination of cholesterol and desmosterol
Chromatographic analysis was performed with a Shimadzu Model
LC-10A VP and LC-10A liquid chromatograph (Shimadzu Seisa-
kusho, Kyoto, Japan) equipped with a Shimadzu Model SPD-M10A
VP and SPD-10AV variable-wavelength UV-visible detector,
which was set to monitor the absorbance at 210 nm. Chromatograms
were calculated with a Shimadzu Model CLASS-VP (ver 5.04)
software. The separation was performed with an TSK gel ODS-80Ts
QA obtained from TOSOH (Tokyo, Japan). The column tempe-
rature was maintained at 401C. All analyses were carried out
isocratically using acetonitrile–methanol as the eluent at a flow rate
of 1.0 ml/minute.
Thin layer chromatography
Thin layer chromatography was performed on silica gel 60 (with
concentrating zone) high-performance thin layer chromatography
plates (Merck, Darmstadt, Germany). Fifty microgram of total lipids
were loaded per lane and they were fractionated by ceramide
development system as described by Ponec and Weerheim (1990).
The plates were then sprayed with a staining mixture containing
acetic acid–sulfuric acid–phosphoric acid–water (5:1:1:95) and 0.5%
cupric sulfate and charred. The images were analyzed by LAS-1000
plus (Fuji Photo Film Co. Ltd, Tokyo, Japan) using a software, Multi
Gauge Version 3.0. Ceramide fractions were numerically named
according to Ponec et al. (1997).
Determination of FFA
Delipidated human serum was prepared by the method described by
Cham and Knowles (1976a). In the serum, total lipid (1 mg) was
dissolved in 1 ml of serum according to Cham and Knowles (1976b).
The levels of FFAs were analyzed by Mitsubishi Chemical BCL Co.
Ltd. (Nagoya, Japan) using an autoanalyzer.
Tissue preparation for histological examination, ISH, and
immunohistochemistry
Newborn pups were deeply anesthetized with diethyl ether and
immersed in the fixative, either Bouin’s solution or 4% paraform-
aldehyde, overnight and then embedded in paraffin for histological
examination by light microscopy or frozen in liquid nitrogen after
cryoprotection with 30% sucrose for ISH or immunohistochemistry.
The paraffin-embedded pups and frozen pups were cut at transverse
plane in 8-mm-thick and 16–20-mm-thick, respectively. For all the
experiments, the dorsal skin at the level of the heart was examined.
In control and DHCR24/ groups, at least four pups from different
mothers were used for the examination.
In situ hybridization
Digoxigenin-labeled oligonucleotide probes for mouse DHCR24
mRNA were purchased from Nippon Gene Research Centre,
Sendai, Japan. The sequences for sense and anti-sense probes
were nucleotide sequence from 929 to 978 (NCBI accession
number: BC019797). ISHR Starting Kit was obtained from Nippon
Gene Co Ltd, Toyama, Japan. Experiments were performed accord-
ing to their instructions.
Histological examinations and immunohistochemistry
Paraffin-embedded sections were stained with HE and examined
under a light microscope (Nikon, microphot-FXA, Nikon coope-
ration, Tokyo, Japan).
For immunohistochemistry, frozen sections were permealized
with 0.1% Triton X-100/phosphate-buffered saline for 30 minutes
and blocked in 5% bovine serum and 3% normal goat serum
for 30 minutes. Primary antibodies against keratin 14 (PRB-155P)
(1:1,000), keratin 10 (PRB-159P) (1:500), keratin 6 (PRB-169P)
(1:500), loricrin (PRB-145P) (1:1,000), involucrin (PRB-142C)
(1:1,000), filaggrin (PRB-417P) (1:1,000) from Covance Inc. (Princeton,
NJ) and caveolin-1 (N-20) (1:250) from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA) were diluted with 0.1% BSA and 0.02% NaN3
in phosphate-buffered saline and applied for overnight at 41C. After
phosphate-buffered saline wash, they were incubated with second-
ary antibodies, biotin-conjugated anti-mouse IgG (1:250) or biotin-
conjugated anti-rabbit IgG (1:250) for 50 minutes at room tempera-
ture, followed by incubation with FITC/streptavidin complex (1:100)
for 50 minutes in the dark. Then, the immunostained sections were
mounted with Vector’s Hard set mounting medium (Vector
Laboratories, Inc. Burlingame, CA) and examined with a confocal
laser scanning microscope (Zeiss LSM 510, Carl Zeiss, Tokyo, Japan).
For nuclear staining in some slides, a mounting medium containing
propidium iodide (Vector Laboratories, Inc.) was used. For PCNA
immunohistochemistry, paraffin-embedded sections were used.
Anti-PCNA antibodies (M 879) (1:200) (Dako Cytomation, Kyoto,
Japan) were applied for overnight at 41C. After incubation with
secondary antibodies, the sections were incubated with streptavidin/
peroxidase complex at room temperature for 50 minutes and
visualized with 0.02% (W/V) 3,30-diaminobenzidine (Sigma, St
Louis, MO) and 0.006% H2O2 in Tris-HCl buffer (pH 7.6) at room
temperature. The immunostained sections were dehydrated and
mounted with mount quick (Daido Sangyo Co, Ltd, Tokyo, Japan).
Apoptosis was assessed by terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate-biotin nick-end labeling stain-
ing as described previously (Sarkar et al., 2001).
Electron microscopy
Small pieces of the skin from newborn pups were fixed in 2%
paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer
(0.1 M phosphate buffer, pH 7.4) for 1 hour. They were then postfixed
in 1% OsO4 in phosphate buffer for 1 hour, dehydrated in ethanol,
and embedded in epoxy resins. Ultra-thin section were stained with
2% uranylacetate (15 minutes) and lead citrate (5 minutes), and
analyzed with an electron microscope (JEM-1210, Japan Electron
Optics Laboratory Co, Ltd, Tokyo, Japan).
Skin permeability assay
The diffusion of Lucifer yellow (ICN Biomedical Inc., Aurora, OH)
through the skin was analyzed in neonatal DHCR24/ and control
mice according to Matsuki et al. (1998). Sections were fixed in 15%
formalin neutral buffer solution (Wako Pure Chemical Inc., Osaka,
Japan) for 30 minutes at room temperature. They were then rinsed in
phosphate-buffered saline and mounted with Hard set mounting
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medium (Vector Laboratories, Inc.). Sections were visualized under
confocal microscopy using the filter for FITC.
Trans-epidermal water loss
TEWL was measured in E18 mice with a TEWL meter (SKD 2000.
Skinos Co. Ltd, Nagoya, Japan). The probe is a closed chamber with
one humidity and one temperature sensor that measures water
evaporation at the skin surface. After anesthesia with diethyl-ether,
fetuses were delivered one by one. Caution was taken to remove
them from amniotic sac with their placental connection intact. The
probe was placed on the back without wiping. TEWL measurement
was continued until the stable level was recorded.
Statistical analysis
Unpaired Student’s t-test was employed. P-values less than 0.05 was
considered as statistically significant.
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